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Based on a rigorous QED approach a theoretical analysis is performed for the two-photon transitions in heavy 
He-like ions. Special attention is paid to the interelectronic-interaction corrections to the decay rates that are 
taken into account within the two-time Green-function method. Detailed calculations are caiTied out for the 
two-photon transitions 2^50 — >■ 1^ Sq and 2^ S\ — s- 1^5o in He-like ions within the range of nuclear numbers 
Z = 28 — 92. The total decay rates together with the spectral distributions are given. The obtained results are 
compared with experimental values and previous calculations. 



^ ■ PACS numbers: 31.15.ac, 31.30.J-, 32.70.Cs 



I. INTRODUCTION 



' The two-photon process involving simultaneous emission of two photons was theoretically predicted by Goppert-Mayer in 
C/2 1931 1 1]. It arises from a second-order interaction between an atom and the electromagnetic field resulting in sharing the tran- 
. ^ sition energy between the two photons. The energy distribution of the two-photon spontaneous emission forms a continuous 
^ spectrum in contrast to the one-photon process, where the photon frequency equals to the transition energy. Various characteris- 
tics of the two-photon transitions, such as total and energy-differential decay rates, angular and polarization correlations of the 
emitted photons were widely investigated for heavy hydrogenlike ions (see, e.g., Refs. Due to the recent advances in 

L_? the experimental technique heavy He-like ions became promising candidates for studying the two-photon decays in the high-Z 
domain. Here the 2^5o state is of special interest, since this state primarily decays into the ground state via two-photon emission. 
The first theoretical two-photon decay rate of the 2^5o state in helium was presented by Dalgarno Later accurate nonrela- 
^ tivistic calculations, including the estimation of the relativistic effects, of the two-photon transition rates 2^5*0 — >■ 1^5*0 + 27(E1) 
for He-like ions were performed by Drake |j2t|. The two-photon decay 2^5i — > 1^5*0 + 27(E1) was investigated theoretically 
Qf-^ as well mi^, although its rates are smaller than the corresponding one-photon Ml rates by a factor of about 10^^. Up to date 
', the most accurate fully relativistic calculations of the two-photon decay rates of the 2^5*0 and 2^51 states in the highly charged 
ions were performed using relativistic configuration-interaction wave functions in Ref. [To']. Apait from the total and energy- 
differential decay rates the angular coiTelations in the two-photon decay of He-like ions have also been investigated recently 

T— I ' The lifetimes of metastable 2^5*0 level in He-like ions have been measured up to Z = 41. The most precise measurements 
: have been made in Kr'^'*+ JT^, Br'^^^ [13], and Ni^^+ ifTill where uncertainties of about 1% have been reported. However, 
till present the two-photon decay of the 2^5i level in He-like ions has not been observed. As opposed to the total decay rate 
measurements, the observation of the energy-differential spectrum caiiies more detailed information about the entire atomic 
1^ structure. Several experimental efforts have been made during the last two decades to accurately determine the spectral shape 
of the two-photon distribution for 2^5*0 decay in He-like ions |15-17]. The cleanest spectrum has been obtained recently 
in Refs. fisi [T9il . unambiguously confirmed predictions of relativistic many-body theory as compared to the nonrelativistic 
calculations. 

Since the two electrons in He-like ions are strongly correlated, it is important to take into account the interelectronic-interaction 
effects when studying the two-photon decays. In previous calculations the correlation effects were accounted for by means of 
nonrelativistic Hylleraas variational wave functions [HI, relativistic configuration-interaction (CI) wave functions [10], or by 
means of relativistic wave functions in screening potentials fill [19^2111 . However, a rigorous description of high-Z systems 
requires the quantum electrodynamic (QED) approach, which treats systematically radiative and coiTelation coiTections order 
by order. Future progress in the experimental techniques will allow to observe QED corrections to the transition amplitudes. 
In particular, recent precise measurements of the one-photon decay rates of the (ls^2s^2p) ^^3/2 state in B-like Ar [i22i I23I1 
have been shown to be sensitive to the one- and many-electron QED effects ll24l - l26ll . The QED treatment of the correlation 
effects differs from the many-body perturbation theory by the frequency-dependent contribution. The first QED evaluation 
of the interelectronic-interaction correction of first order in 1/Z to the one-photon decay rates was performed in Ref. L27ll 
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employing the two-time Green-function method ll28l - [30ll : later these calculations were confirmed in Ref. (3V\ by means of 
the line profile approach Ii32,l . The main goals of the present paper are the derivation of formulas for the interelectronic - 
interaction corrections to the two-photon decays from the first principles of QED and the numerical evaluations of the two- 
photon transitions 2^5o — > I^Sq and 2^Si — > 1^5*0 in the He-like ions. The paper is organized as follows: In the next section 
the process of the two-photon emission is described in the framework of the two-time Green-function method. The calculation 
formulas for the first-order interelectronic-interaction corrections to the two-photon transition amplitude are derived starting in 
the zeroth-order approximation with the Coulomb potential of the nucleus and with a local screening potential. In Sec. Ulllwe 
present the numerical results for the two-photon decay rates of 2^5*0 and 2'^ 5*1 states in He-like ions. Beyond the dominant 
channel of the emission of two electric-dipole (El) photons the higher multipoles contributions are also taken into account. The 
total and energy-differential decay rates are presented within the range of nuclear numbers Z — 28 — 92. Comparison with 
previous theoretical calculations and with experiment are given. We close with a short summary, where we point out the main 
achievements of the present work. 

Relativistic units {h — 1, c = 1, m — 1) and the Heaviside charge unit [a = e^/ (47r), e < 0] are used throughout the paper. 



II. BASIC FORMULAS 

According to the basic principles of QED fy^, the transition probability from the electronic state A to B accompanied by 
emission of two photons with wave vectors kf^, kf^ and polarizations e/i, e/a, respectively, is given by 

dWB-Akfi,<^fi,kf^,efA = 27r|r^^^,^^^,B;Ap'5(SB + + kj^ ~ EA)dkf^dkf^ , (1) 
where t^^^ ^^j.^ ^b;A is the transition amplitude which is related to the S'-matrix element by 

^ifi,if2'B-A = {kf^,ef^,kf^,ef2;B\S\A) = 27ri r-^^.^ ,^^^,_b;A (5(£'b + fc^^ + k'j^ - Ea) , (2) 

Ea and Eb are the energies of the initial state A and the final state B, respectively. According to the standard reduction 
technique, the S-matrix element can be written as 

V^7/.,B;A = -^3"' / d%d%^^^ -.{B\Tj,,{y^)j,,{y2)\A) , (3) 

J y^2fc0^(2^)3 y^2fc0^(2^)3 

where ji,{y) =_(e/2)[ip{y)j,y, ^'(y)] is the Dirac current density operator and Z3 is a renormalization constant for the emitted 
photons lines |34|]. Here the electron-positron current operator ju{y) as well as the initial and final state vectors are given in the 
Heisenberg picture. Eq. (|3) can be written as 

//•oo 
dyidy2Ay;{y,)A2*{y2) / dt e'^'h' {B\Tj,,{t,yi)j,,{0,y2)\A) 
J —00 

dyidy2A'jl*{y,)A-}l*{y2) dte^'=?i* (i?|>,(t,yi)j,,(0,y2)|A) 
die<*(i3|j,,(0,y2)>,(<,yi)|^) 



where 



(4) 



A';(x) - / (5) 



y^2fcO(27r) 



is the wave function of the emitted photon. 

In order to evaluate this S'-matrix element the information about the entire atomic structure is needed. This information is 
contained in the Green functions. To obtain this information and to formulate perturbation theory we employ the two-time 
Green-function method 128- 30.]. We introduce the following Green function to describe the process of a two-photon emission 
by an A^-electron ion 

g^^^ {E', ; x'l, . . . , x^; xi, . . . , ^N)6iE' + k^ + k% - E) 

= {£) f dx'dx'^ j d42/idVe'^'^'°-^^^"+''=°^^^+^'="^^"A-*(yi)A-*(y2) 
X (0|TV(a;'", x'^) . . . x^)j,, {y^)j,, (2/2)^(2^°, xjv) • • • Xi)|0) , (6) 
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where il^{x) is the electron-positron field operator in the Heisenberg representation. In a general case, we imply that to zeroth 
approximation the vector A belongs to the s^-dimensional subspace H.^ of degenerate (or quasi-degenerate) states, and the state 

B belongs to the -dimensional subspace flB- P^^^ and Pg"^ are the projectors onto the corresponding subspaces. 



UkAU'k 



(7) 



kA = l 



kB = l 



and and Ukg are the unperturbed states of the iV-electron system, constructed as linear combinations of one-determinant 
wave functions. From the spectral representation we find that the Green function Q^j_^ {E\ E, kj_^ ) has isolated poles in the 

complex planes E' and E, at E' ^ and E ^ in the exact energies E' = Ek^ and E' = E^^, respectively. 



(£;', i;, fc^^ ; x'l, . . . , x'^; xi, . . . , ^n)6{E' + fc^.^ + fc^.^ - E) 



1 1 



2nN\ ^ ^ E' -Ek,E-EkA 



E E 



dyidy2A^J*(yi)v4^f (y2)(0|^(0,x;) . . . V^(0, x^)|A;b) 



iE't-iEk 



*+^'"^*(fcB|j.,(t,yib..(0,y2)|fcA) 



dt 



X (fcA|^(0, xat) . . . V^(0, xi)|0) + terms regular at E' - e'^^ or E ^ E]^' , 



p(0) 



(8) 



where j/c^) and |/cb) denote the states corresponded to the exact energies Ek^ and E'^^ from the subspaces il^ and Hb, 
respectively. Let us now project this Green function on the subspace of initial (JIa) and final (Hb) states 



g,,^.,,,^,B;A{E',E,kjJ = pj^^g,^^,^^,^{E',E,k%)jl..^%P^°^ 
Comparing Eq. with Eq. dH) and taking into account the definition we obtain 



'7/1 ,7f2.B:A 



Z^^S{Ee 



kl-EA)<f dE' <f dEv^s97s,-l!,-B:A[E\E,k\)vA 
JTb JTa 



(9) 



(10) 



where va and vb are solutions of a generalized eigenvalue problem in the degenerate subspaces of the initial and final states, 
respectively (see Ref. for details), the contours Va and T b enclose the poles corresponding to the initial and final levels, 
respectively, and exclude all other singularities of Green function g^^^ b-.a- Eq- ( flOl l represents the general relation between 
the ^-matrix element of the two-photon transition and the two-time Green functions. 

Further we consider the single initial and final states. In this case, the vectors va and vb simply appear as normalization 
factors and the S'-matrix element can be written as 



S. 



7/i>7/2>-B;A 



Z^H{Eb + k^ + kl - Ea) S> dE' (f dEg^^^,^^^,B:A{E', E, 



— i dEgBB{E) 

where the Green functions gAA and qbb are defined by 

gAA{E)^{uA\g{E)j',...J%\uA), 



-1/2 



27ri 



— 6 dEgAA{E) 



-1/2 



9bb{E) = {ub\Q[E)^1 



■ 1%\ub) 



with 



g(£;;x;,...,x^;xi,...,xw)5(£;-£;') 



1 1 



dx^dx"" e»^'-'"-*^^° (OITV-Cx'", x'l) . . . x^)V'(x°, xat) . . . xi)|0) 



(11) 



(12) 



(13) 



The Green function Q[E) contains the complete information about the energy levels of the ion 130(1 . The S'-matrix element 
'^iSins2-B-A expressed in terms of the two-time Green functions g^f_^,jf^.B:A, 9aa, and qbb via Eq. (fTTI) can be calculated 
order by order by applying perturbation theory to the Green functions. The Feynman rules for the Green functions are given in 
Ref. il. 

In the following we consider the two-photon transitions in He-like ions. The zeroth-order two-electron wave functions are 
constructed in the jj-coupling scheme as linear combinations of the Slater determinants, A ~ (ai , 02) j^m^ , B ~ (61 , b2)jgMB > 
as 



UA 



(14) 
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FIG. 1 : The two-photon emission diagrams in zeroth-order approximation. The double line indicates the electron propagators in the Coulomb 
field of the nucleus, while the photon emission is depicted by the wavy line with arrow. 



where Fa denotes the shorthand notation for the summation over the Clebsch-Gordan coefficients 

J A and ja are the total angular momenta of the two- and one-electron wave functions, respectively. Ma and its corresponding 
projections, P is the permutation operator, giving rise to the sign (—1)^ of the permutation. The same notations hold for the 
final state B. The one-electron wave functions are found by solving the Dirac equation either with the Coulomb potential of the 
nucleus or with a local effective potential, which partly takes into account the interelectronic-interaction effects. 

Further we consider the pure (nonresonant) two-photon decays. While the question about cascades we leave beyond the scope 
of the present paper. This question was discussed in details in Ref. jssll and references therein. In the following we also assume, 
that the states A and B have at least one common one-electron state. 



A. Zeroth-order approximation 

In order to calculate the ^-matrix element of the two-photon transition according to Eq. ( fTTT i we expand the two-time Green 
functions in perturbation series and combine the terms of the same order. The zeroth-order two-photon transition amplitude 
represented by diagrams in Fig. [Tjis given by 

S^Z^,,M:A=5{EB+kl+kl~EA)<l dE'I dEg^;i^^^^^.^^{E',E,kl), (16) 

where the superscript "(0)" indicates the order of the perturbation theory. According to the Feynman rules we obtain 

-^'^ ^^.jE',E,kl)5{E' + kl+kl~E) 



/oo 
dpldpldp'^dp'^q'' 6{E -p\- pI) S{E' - - 
-oo 



ZTT P2 — UEni « ZTT q" — U£n2 « 



27r ^ - w£„, 27r ^ - uEn^ 

+ (^^ilf E -P^-RM' + kl - ,«)f E + kl -Pi) 

ZTT p^' — UEni * 2lT — Uen2 * 

ZTT p^ U£„3 ZTT P2 afc,i4 J 

^ SiE' + k"^^+k%-E)_^^^^^^_^^p^j {Pb2\RfAn){n\Rf,\a2)Spb,a, 



+ (/l ^ /2) i , (17) 



(P61 1 Rf, \n){n\RfJai)Spb2 



E' — £a2 + kPf^ 
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(A) 



(B) 



(C) 



(D) 

FIG. 2: Feynman diagrams representing the first-order interelectronic-interaction corrections to the two-photon emission. Notations are the 
same as in Fig.[T] 

where Rf is the transition operator, Rf = ea^Ay, — 7*^7^ — {1,ol), i?^^ = + and i?^^ = Sb-^ + £62' ^ = 
1 — iO preserves the proper treatment of poles of the electron propagators, and the shorthand notation (/i O /2) stands for the 
contributions with interchanged photons /i and /2. Substituting this expression into Eq. (fTSI l and integrating over E and E' one 
obtains 

^(0) TP.TP^^i ^\P^\ {PHRfM){n\Rf^\a2)Spb,a, 



P n { 



, {Pbi \Rh I") ("1-^/2 \ai)Spb^a2 , / . ^ . N I n e^ 

+ — To Z + (/I ^ JV> ■ 

£Pbi + fcj^ — £n J 

The corresponding differential transition probability is given by 

Summing over the photon polarizations and integrating over the photon energies and angles one obtains the total decay rate 



where — E^^ — Eg\ Eqs. ( fT9] ) and ( |20b together with Eq. JTSl l describe the zeroth-order differential and total two- 

photon transition probabilities, respectively. They coincide with the corresponding formulas employed for the calculation of the 
two-photon decay rates in He-like ions l|2nl^inn36J in the independent particle model approximation. 

B. First-order interelectronic-interaction correction 

With the formalism outlined above, we are ready now to derive the first-order interelectronic-interaction coiTections to the 
two-photon transition amplitude, which are defined by diagrams depicted in Fig.|2] According to Eq. (fTTT i we start from 



S{Eb + kl + kl ~Ea)\1 dE' <f dEg\]l^^^,,.,,{E',E, k^) 



(21) 
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FIG. 3: One-photon exchange diagram. The photon propagator is represented by the wavy line. 



where g^2A 9bb defined by the first-order interelectronic-interaction diagram depicted in Fig.|3] Let us first consider the 
contribution of the diagrams shown in Fig.|2lA). According to the Feynman rules we obtain 





3 

p 


m ,712 







/oo 
dpldpldp'l'dp'^dq^dqldLoSiE -p\- p^^)5{E' ~ pf - p'^) 

6{p'° + kl - + kl - - ^ - pIW? +^-p\) 



„/0 



X 



[ql - U£ni){ql - "£"2) 
S(p'0 + kl - g°)J(g° + kl ~ ql)5{ql p\)5{p'^ + - p°) 

(pf - uepb^){p'§ - uepb2){Pi ~ "^aJba ^ ""^12) 
{Ph\Rf,\ni}{ni\Rf,\n2){n2Pb2\I{uj)\aia2) 



+ ifi ^ /2) , (22) 



where — e'^a^a'^ Dfj_^{uj), and D^,j{uj) is the photon propagator Eq. (l22t is conveniently divided into irreducible and 

reducible paits. The reducible pait is the one with epb^ + — e''^^ in first term and with epb^ + En^ = -E"^"* in the second 
term. The irreducible part is the reminder Thus, we obtain for the irreducible contribution 

(lA.irr) fj^i P 1^0 \ 

^ ( ±y F^FsYi-if r dp"dp"> — — ^ 



E 



- U£ai E -p" - U£a2 J \P'° - UEpb^ E' - p'° - UEpbg 



{E' - p'O + k^ -uen,){E- p'o - ue„, ) 



- wea2 E -pO - uEai J \P'" - uepb2 E' - p'O - uepb^ 
(F6i|%|ni)(ni|i?/j7i2)(n2P52|/(p"-p'")|aia2: 



{E' - p'O + fco^ - u£,,,){E - p'O - u£„J 



+ (/i ^ /2) ^ , (23) 
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and for the corresponding reducible one 

(lA.rod) /-P' K 1,0 \ 
57/, ,lf.,B-A\^ ,^,l^fj 



p° - USai E -p^ - USa-i 



1 



1 



E — E?' \P ^ uepbi E — p'^ — we. 



{E' -p'O ^uept,,){E-p'0 -ue,,,) 



1^ -piO) 



(Fb2|%|ni)(ni|fl/Jn2)(P6in2|/(p°-y°)|aia2 
1/1 1 



p° - MEaa E - p^ - UEai 



1 



[E' - p'O - uepb^ ) {E - p'O - ue 

+ (/l^/2)l. 



(F6i|%|ni)(ni|fl/Jn2)(n2Pb2|/(p°-y°)|Qia2) 
E' - p'" + k\ - U£„, 



(24) 



The expression in curly braces of Eq. (l2Jt is a reg ular function of E or i;' when E w P^"^ and w . Substituting Eq. 
into Eq. (ISTT i and integrating over i? and i?' we find 



(lA.irr) 
^7/1 ,7/2 



.B:A 



{Pb2\Rfi\ni){ni\RfJn2){Pbin2\I{Sai - epbj\aia2) 



y-' (P6i|i?/Jni)(ni|i?/2|n2)(n2P62|/(£a2 -ep62)|aia2) 



(£p6i + kj^ - Sm)iE^^^ - epb2 - £ri2 

A similar calculation for the diagrams shown in Figs. |2lB)-|2lD) yields 



+ (/l O /2) 



JIB) 

7/i,7/2.-B;A 



P lni,n2 



(P62|fl/i|?^l)(-Pfel»l|-?'(£ai - gPbi)|ai»2)(»-2|fl/2|Q2) 
(£P62 + fc/, - £ni)(PB^ - eai + fc/, " £n2 ) 



E 



(P&i|-R/Jni)(niPb2|/(£a2 - £Pb2)l"2a2)(n2|-R/2 |ai) 
{epb, + kl - e^,){Ef - Sa, + k^f^ - e^,) 



+ ifl ^ /2) , 



(25) 



(26) 



(lC,irr) 
^7/1 .7/2 



,B:A 



-FAFnj:{~ir{ E 



{Pb,Pb2\I{e ai — £p&i)|ain-i)('^i|^/i|n-2)(«2|-R/2|a2) 



(4°) 



)(4 -£ai +fc^^ -£„2) 



+ 



E 



{PbiPb2\I{e aa ~ £Pfc2)l"l^2)('^l|P/i|"2)("2|P/2|ai) 



(0) 



-02 £«i)(-^_B 



+ ^/i ~ £"2 ) 



+ (./l ^ /2) 



(27) 
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(F6i|i?/Jni)(niP62|/( 



E 
E 

E .n , ^.^(0) , .n , ^ + {fl^f2)\. (28) 



(FfeiFfo2|/(eai -epbi - fc/J|^^l?^2)(nl|i?/l|al)(^^2|i?/2|a2) 
{Pb2\Rf2\n2){Pbin2\I{eai - SPb^ - fc^J|7iia2) (ni |i?/Jai) 



In the case under consideration only the diagrams depicted in Figs. |2tA) and|2C) possess reducible parts. For the reducible 
contribution coming from the 12 A) diagrams we have 

(lA.rod) _ p p V^/ ^^p^ \ {PHRhW){n\Rh\a2)5pb,a, , {Phi\Rf^\n){n\Rf^\ai)5pb2a2 \ ^ 



^-^bE(-i)"e( 

P n I 



{a[a',\I{p^)\a'{a'i) (a^a;|/(p")|a'/a^') 



(29) 



where Ai?^^"* = Fa'Fa" J2pi^^)^ {P'^iP'^'2\H^Pa[ ^ £o;')ki'^2) the one-photon exchange correction to the state A and 
Aa — — £ai- Combining this term together with the reducible part of the I2C) diagrams and with the second term in formula 
(ISTT i. we obtain the total reducible contribution: 



(i,red) p p 1^P / {Pb2\RfAn){n\Rf2\a2)6pb,a, ^ ^(i) , (P&i|fl/Jn)(n|%|ai)(5pb,a2 ^ ^^.(i) 



_^ (J'&2|fl/2 1^) (^^1% \a2)Spb,a^ ^^(1) ^ (P&i|i?/2|n)(n|%|ai)(5pb,a, ^^(1) 1 

(^a2 ~ ^n)^ (^ai ^^^^ ^ ^n)^ J 

+ l^Zff2^B;A [FA'FA"{a'2a'i\I'iAA)\a'{4) + Fp, Fb^^ iAB)\b'{b'^)] , (30) 

where AEg'' and Ap are defined similar as AE^^'' and A^i, /'(A) = [dI{uj)/duj]i^=A. The final expression for r^^? ^.^ is 
given by the sum of Eqs. (|25])-(|28]|. and (l30b : 

_ (lA,irr) , ^(ICarr) , ^ll^?) , ^(l.rod) , . 

W/i.7/2'-B;A - ^7/i,7/2'-B;A + ^7/1,7/2,5;^ ^7/1 .7/2 .S;^ + ^7/1 ,7/2 .-8;^ + ^7/1 ,7/2 ' ^ ' 

Finally, the first-order interelectronic-interaction corrections to the differential and total transition probabilities can be ex- 
pressed according to the following equations 

+ AdW^°^^{kf„ef,,kf,,ef,), (32) 



I "dk%(k%fiA<il-k%fi, •£ J a^a^K>{^„^^^l,^j^}*/^w^. (33) 



'5/l,E/2 



Where = E^ + AE^^\ e'^^ = 4"^ + A^^, A^ = - 4\ and 

Adwj°^Jkf,,ef,,kf,,ef,)^2n\T^°l^^.^,,J^SiE'g'^^ (34) 

^(1) 

= \l dkl {kinA% - fc°j2 2. E / dn,,^dn,^^ \rZ.f2^Bj' " <a (35) 

are the contributions originating from changing the transition energy A^^ in the zeroth-order transition probability to the energy 
^AB' which accounts for the interelectronic-interaction correction. 
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(A) (B) (C) 

FIG. 4: The counterteim diagrams for the first-order interelectronic-interaction corrections to the two-photon emission. The triple lines 
describe the electron propagators in the effective potential. The symbol ® represents the extra interaction term associated with the local 
screening potential. 




FIG. 5: The counterterm diagrams for the one-photon exchange correction. Notations are the same as in Fig.|4] 



C. First-order interelectronic-interaction correction with screening potential 



In the previous subsection we presented the formulas for the first-order interelectronic-interaction correction invo Iving electron 
states and propagators in the external Coulomb potential of the nucleus as the zeroth-order approximation (the original Furry 
picture). Now we consider an extended Furry picture, which includes a local screening potential in the unperturbed Hamiltonian. 
Since further we consider the two-photon decays from the single-excited state to the ground state of He-like ions, we construct the 
screening potential for the initial state A such that it takes into account partly the interelectronic interaction between the electrons 
02 and fli. By employing the extended Furry representation, we already at the zeroth-order level relieve the quasidegeneracy of 
the (ls2s)j and (ls2pi/2)j states, and improve the energy level scheme of the first excited states in high-Z heavy ions. Two 
different local screening potentials Vsa are used: the Kohn-Sham potential and the core-Hartree potential. Both potentials were 
successfully incorporated in previous calculations lUll [l9i [jtI IssIi . 

In the extended Furry picture we solve the Dirac equation with an effective spherically symmetric potential treating the 
interaction with the external Coulomb potential of the nucleus and the local screening potential exact to all orders. The electron 
propagators in Figs. [T]|3]have to be treated in the effective potential (we indicate this diagrammatically via the triple electron 
line). The formulas derived in the previous subsection remain formally the same, but keeping in mind that the Dirac spectrum 
is now generated by solving the Dirac equation with the effective potential. However, additional counterterm diagrams with the 
extra interaction term — V^ci arise. In Figs.|4]and|5]the additional diagrams are depicted, where the extra interaction term —Vsa 
is represented graphically by the symbol (g). Thus, according to the Feynman rules we derive the expressions for the counterterm 
diagrams shown in Figs.|4tA)-|4tC) 

(lA,irr)cxt p p . l ^P j (^^2 | % | »1 ) (»1 1 j?/2 |"2) (Tt2 | V^cr 1 02) (^Pbi ai 

_j_ ^"y^"' {Pbi\Rh \ni) {ni \Rf^ \n2) (^2 |14cr |ai)'^Pb2a2 -j^ (f^ ^ f^)\ (36) 



(IB)oxt 
^7/1 ,7/2 



.B;A 



p 



E 



(P&2I-R/1 \ni) {ni\Vsci-\n2) {n2\Rf2 |a2)(5pfciai 



^ (P6l|i?/i|ni)(rti|V;cr|"2)("-2|-R/2|ai>'^P62a 




(37) 
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(lC,irr)oxt 



r. 



{Pb2\VscA'rii){'ni\Rfi\n2){n2\Rf2\a2)Spbiai 



+ 



E 

ni ,712 



{Phi\Vscr\ni) {ni\Rf^ 1^2) (^2 1^/2 |ai)(^Pb2a2 



+ (/i ^ /2) 



For the additional reducible contribution we obtain 



(l,rcd)cxt 



P n L 



{Ph2\RfM){'n-\Rh\a2)5pbtax , (P6i|i?/i|n)(?i|i?/2|ai)(5p62Q2 



(£pb2 + k°f^ - £„)2 



(£pbi + fc^^ - £„)2 



(P62|-R/2l«)(«|^/i|a2)'5pbiQi (P6i|i?/2|n)(n|i?/Jai)(5pf,2a2 



(£(12 £ri)^ 



(£ai £n)^ 



(l)cxt 



(38) 



(l)cxt 
B 



where Ai;^^)''''' and AE^jj^^"'' are the counterterm contributions to the energy of the initial and final states, respectively, 



(39) 



(40) 



Thus, in the extended Furry representation these extra terms have to be added to the corresponding corrections to the transition 



amplitude as T':^f;'"lB:A 



(lA,irr) 



(lA,irr)cxt 



7/1, 7/2. -"^^ ■ \'ifi^if2^B:A '7/1,7/2,5;^ ) ' similarly, the rest terms. Moreover, in Eqs. (|32) and (l33]l the 
employed energies e'^^^ and e''^^ have to be corrected to the counterterm contributions E^^' — e'"^^ + Ai?^^-* + AE'^^'''''' and 

eW^eI^^^ + aeW + aeW^'^*. 



III. NUMERICAL RESULTS AND DISCUSSION 

Now let us turn to the presentation and discussion of our numerical results for the two-photon transitions 2^5o — > 1^5*0 and 
2"^ 5*1 — > 1^5*0 in He-like ions. The infinite summations over the complete Dirac spectrum involved in the numerical evaluations 
are performed employing the finite-basis set method. The B-splines basis set was constructed utilizing the dual kinetic balance 
approach i39ll . The homogeneously charged sphere model for the nuclear charge distribution is employed together with the rms 
radii taken from Ref . , except for the thorium and uranium ions, for which the recent rms values are taken from Ref . [41]. The 
Kohn-Sham and core-Hartree screening potentials are employed in the zeroth-order approximation. The Kohn-Sham potentials 
are constructed for the 2^5o state in the case of 2^5o l^^o transition, and for the 2^5i state in the case of 2^5*1 1^5o 
transition, while the core-Hartree potential is just a Coulomb potential generated by the Is electron. The screening potentials are 
generated self-consistently by solving the Dirac equation until the energies of the core and valence states become stable on the 
level of 10~^. In our final compilation we employ the Kohn-Sham potential as a starting one, since the transition energies are 
better reproduced in this case. The gauge invariance serves as an accurate check of consistency of the derived formulas and the 
numerical procedure. We analytically proof the gauge invariance of the obtained formulas. In order to separate out the proper 
gauge invariant first-order contribution we replace the transition operator Rf.^ with the first two terms of the Taylor expansion 



AE^i) - AE« 



and with the first term only in 

T^'^ g.j^, as Rf2{kPf ) — Pf2{^AB ~ ^? )■ ^n '■^^ numerical procedure we employ the Feynman and Coulomb gauges for 
the photon propagator and the velocity and length gauges for the emitted photons and demonstrate the gauge independence of 
the final results. In Table|T]we present the numerical results for the individual contributions evaluated in the different gauges for 
He-like thorium. As one can see from the table, the gauge invariance is restored in the final values. A detailed discussion of 
these questions will be presented elsewhere. 

In Tablellllwe present the zeroth-order and final values of the two-photon decay rates for the transitions 2 ^ 5*0 1 ^ 5*0 + 27 (E 1 ) 
and 1?S\ — > l^S'o + 27(E1) in He-like ions. These results include only the dominant 2E1 channel of the two-photon decay. The 
final results for the total two-photon decay rates are evaluated according to the following formula 

wb.a^w^^'' dki{ki)\^'^^-kif2. [ rf^^^v.'^^^%2i-i;;,7.2,B;A+-^;;,7,2.i^;Ai'' 

where in t^*^^ ^.^ and r^^'' defined by Eq. ( fTSI l and Eqs. dsTl i. (I36]l-(l39ll, respectively, we separate out the terms 

up to the first order. The transition energies A^^ together with the transition amphtudes r^^^ ^.^ consistently include the 
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TABLE I: Individual contributions to the total two-photon decay rates for the transitions 2^50 -)> l^^o + 27(E1) and 2^Si l^So + 27(El) 

232 88-1- 1 

m He-like Th , m units s . The Kohn-Sham potential has been used as the starting potential. The velocity and length gauges have 
been employed for the emitted photons, and Feynman and Coulomb gauges for the photon propagator. The more accurate transition energies 



^(1) 



91531 eV and A 



(1) 

23SiaiSo 



91291 eV are taken from Ref. [42]. Numbers in brackets are powers of ten. 



Gauges 



AW. 



W 



W 



(l.rod) 



Wb:A 



Velocity / Feynman 
Length / Feynman 
Velocity / Coulomb 
Length / Coulomb 

Velocity / Feynman 
Length / Feynman 
Velocity / Coulomb 
Length / Coulomb 



6.439[12] 
6.439[12] 
6.439[12] 
6.439[12] 

1.686[10] 
1.686[10] 
1.686[10] 
1.686[10] 



2 So — >■ 1 So 

-0.0862[12] 0.0165[12] 

-0.1610[12] 0.0054[12] 

-0.0862[12] 0.0169[12] 

-0.1610[12] 0.0058[12] 



2'' Si 
-0.0972[10] 
-0.1746[10] 
-0.0972[10] 
-0.1746[10] 



I'So 



0.0115[10] 
0.0369[10] 
0.0114[10] 
0.0369[10] 



0.0123[12] 
0.0982[12] 
0.0119[12] 
0.0978[12] 

0.0349[10] 
0.0868[10] 
0.0350[10] 
0.0869[10] 



6.381[12] 
6.381[12] 
6.381[12] 
6.381[12] 

1.636[10] 
1.636[10] 
1.636[10] 
1.636[10] 



first-order interelectronic-interaction corrections to the two-photon decay rate Wb-.a- However, for high-Z ions it is important 
also to take into account the radiative coiTections. In the framework of QED perturbation theory, one has to evaluate radiative 
coiTections to both the transition energy and the transition amplitude. In order to account partially for the radiative coiTections, 
we employ the more accurate transition energies taken from Ref. ll42l] for the transition energies in the upper integral limit 

and in the factor ( — A;"^ ) in Eq. dTIT l. Including by this way the more accurate transition energies does not violate the 
gauge invariance of the result; it just scales the decay rates to another value of the transition energy. The employment of the 
more accurate transition energies yields coiTections that are negligible for intermediate- Z, which however become important for 
high-Z ions. 

The results of calculations performed by starting with the Coulomb, core-Hartree, and Kohn-Sham potentials are presented 
in Table [III Comparing the zeroth-order values in the Coulomb and screening potentials one can observe that the screening 
potentials account for a considerable part of electron-electron interaction effects. However, the difference between the zeroth- 
order results for the core-Hartree and Kohn-Sham potentials is still quite large. Accounting for the first-order interelectronic- 
interaction correction, we obtain the decay rates Wb;A, which much less depend on the screening potential. The remaining 
difference between the final values Wb-a in the core-Hartree and Kohn-Sham potentials provides a hint for the uncertainty due 
to unaccounted second- and higher-order interelectronic-interaction corrections. In Table HIl we also compare the obtained decay 
rates Wb-.a with the results of other theoretical calculations. In the case of the 2^5*0 state our decay rates slightly disagree 
with the rates given by Derevianko and Johnson [10|1. For high-Z ions this can be explained by the radiative corrections, which 
are included in our transition energies. The comparison with the results obtained by Drake [2] gives a better agreement within 
the indicated uncertainty. In the case of the 2'' 5*1 state the interelectronic interaction affects the two-photon decay rates much 
stronger, and therefore our accuracy becomes slightly worse. For this case our results are in a fair agreement with those values 
of Ref. ifToll . 

As on can see from Table HIl the final values of the total two-photon decay rates calculated with the core-Hartree and Kohn- 
Sham potentials are very close to each other With this in mind, we restrict our further consideration to the calculations performed 
with the Kohn-Sham screening potential. 

Beyond the dominant 2E1 decay channel we consider also the higher-multipole contributions to the two-photon decay rates. 
In Table Hill we present the contributions of higher multipoles calculated in the zeroth-order approximation. In the case of the 
2^ So state the contribution to the total two-photon decay rate arises only from the photons with the same multipole numbers. 
The correction due to the higher multipoles rapidly increases with Z, but even for Z = 92 it is by a factor 10"^ smaller than the 
dominant 2E1 decay rate. Unlike the 2^5*0 state, in the case of the two-photon 2'^S'i — > 1^5o transition the higher multipoles 
decay rates are relatively large, as was first indicated by Dunford ll43ll . Our results for the E1M2 decay rate are in reasonable 
agreement with those of Ref. [43]. Moreover, we also evaluate the 2M1 channel, which contribution becomes comparable with 
the E1M2 for high-Z ions. The contributions of higher multipoles are included in our final compilations. 

In Table HV] we compare the theoretical and experimental two-photon decay rates of the 2^So state. As one can see from 
the table, for Br'^''+ and Nb^^^^ ions the theory is in a good agreement with the experiment, but for Ni^^+ and Kr'^^+ ions all 
theoretical calculations predict the values being slightly larger than the experimental results. In the worst case of the Kr'^''^"'" ion 
this difference amounts to about two standard deviations. Finally, in TablelVlwe present our total two-photon decay rates for the 
transitions 2^So ^ I^Sq iind2^Si ^ I^Sq. 

Besides the total decay rates, we present the spectral-distribution functions dWB-A/dy for the two-photon transitions 2^So 
I^Sq and 2^ Si — > 1^5*0 in Tables [Vll and I VII[ respectively. The photon energy distribution function dWB-A/dy expressed as a 
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TABLE II: The zeroth-order and final values of the total two-photon decay rates (2E1 channel only) for the transitions 2^So l^So and 
2^51 — > l^So in He-like ions starting with the Coulomb, core-Hartree, and Kohn-Sham potentials, in units s~^. Comparison with other 
theoretical calculations is also made. Numbers in brackets denote powers of ten. 





Coulomb 


core- 


■Hartree 


Kohn-Sham 


Other theor. 


z 


K% 




Wba 




Wb;A 


Ref [10] 


Ref. \2} 








2' 


Sq — y 1 ^ iS'q 








30 


1.164[10] 


9.944[09] 


9.903[09] 


1.006[10] 


9.900[09] 


9.938[09] 


9.88(3)[09] 


50 


2.370[11] 


2.163[11] 


2.152[11] 


2.177[11] 


2.152[11] 


2.164[11] 


2.15(1)[11] 


70 


1.655[12] 


1.554[12] 


1.545[12] 


1.560[12] 


1.544[12] 


1.556[12] 


1.55(1)[12] 


90 


6.728[12] 


6.421 [12] 


6.382[12] 


6.439[12] 


6.381[12] 


6.439[12] 


6.41(6)[12] 


92 


7.580[12] 


7.242[12] 


7.199[12] 

2^ 


7.262[12] 

Si ^ l^So 


7.199[12] 


7.265[12] 


7.24(8)[12] 


30 


9.06[05] 


4.64[05] 


4. 15 [05] 


4.42[05] 


4. 13 [05] 


4.17[05] 




50 


1.02[08] 


7.33[07] 


6.88[07] 


7.16[07] 


6.85[07] 


6.88[07] 




70 


2.13[09] 


1.74[09] 


1.67[09] 


1.72[09] 


1.66[09] 


1.66 [09] 




90 


1.96[10] 


1.70[10] 


1.64[10] 


1.69[10] 


1.64[10] 


1.63[10] 




92 


2.38[10] 


2.07[10] 


1.99[10] 


2.05[10] 


1.99[10] 


1.98[10] 





TABLE III: Contributions of the higher multipoles (MP) to the total two-photon decay rates included in the zeroth-order approximation, in 
units s^^. Numbers in brackets denote powers of ten. 



MP 


Z = 30 


Z = 50 


Z = 70 


Z = 90 


Z = 92 






2'So - 


I'So 






MlMl 


1.40[04] 


2. 65 [06] 


8.56[07] 


1.14[09] 


1.43 [09] 


E2E2 


4.74[03] 


8.19[05] 


2.33[07] 


2.71 [08] 


3.35[08] 






2^ Si 


I' So 






E1M2 


7.57[04] 


1.32[07] 


3.79[08] 


4.51 [09] 


5.59[09] 






1.26[07]" 


3.62[08]" 


4.30[09]'' 


5.32[09]" 


MlMl 


1.58[01] 


2.46[04] 


3.33[06] 


1.46[08] 


2.05 [08] 



" Ref [43]. 



function of the reduced energy y = k^^_^/ transported by one of the two photons reads 

then the total decay rate can be found via the following equation 

Wb:A ^ll'dy (dWB;A/dy) ■ (43) 

Since we employ the more accurate transition energy from Ref. ji^, our energy distribution function appears to be not 
exactly symmetric with respect to the center point at y = 0.5. This asymmetry comes mainly due to the higher-order corrections 
included in the transition energy but neglected in the transition amplitude. In Tables [VTl I Vlll and in Figs. [6l |7] we present the 
spectral-distribution functions dWB-A/dy calculated as a half-sum of the contributions at the points y and 1 — y. For the 2^So 
state the energy distribution function has one maximum at y = 0.5, and in Table I VII we give also the reduced fuU width at half 



TABLE IV: Comparison of theory and experiment for the two-photon decay rates of the 2^ So state in He-like ions, in units s ^ . Numbers in 
brackets denote powers of ten. 



z 


Expt. 


This work 


Ref [10] 


Ref [2] 


28 


6.406(66)[09]'' 


6.493[09] 


6.517[09] 


6.482(21)[09] 


35 


2.543(21)[10]* 


2.529[10] 


2.540[10] 




36 


2.934(30)[10]'^ 


2.999[10] 


3.012[10] 


2.993(12)[I0] 


41 


6.52(26)[10]'' 


6.572[10] 


6.604[10] 








" Ref. 1 14]. 
'' Ref UJ]- 


c 
d 


Ref. 1 12]. 
Ref |44|]. 



13 



TABLE V: The total two-photon decay rates for the transitions 2^50 l^So and l^So in He-like ions, in units s ^. The transition 

energies are taken from Ref. [42]. Numbers in brackets denote powers of ten. 



z 


2' So 


2^5i 


Z 


2^5o 


2^5i 


28 


6.493 [09] 


2.40[05] 


61 


6.948[11] 


5.56[08] 


29 


8.048[09] 


3.44[05] 


62 


7.640[11] 


6.49[08] 


30 


9.900[09] 


4.88[05] 


63 


8.388[11] 


7.56[08] 


31 


1.209[10] 


6.84[05] 


64 


9.193[11] 


8.77[08] 


32 


1.467[10] 


9.46[05] 


65 


1.006[12] 


1.02[09] 


33 


1.769[10] 


1.30[06] 


66 


1.099[12] 


1.17[09] 


34 


2.121[10] 


1.76 [06] 


67 


1.199[12] 


1.35[09] 


35 


2.529[10] 


2.36[06] 


68 


1.307[12] 


1.56[09] 


36 


2.999[10] 


3.13[06] 


69 


1.422[12] 


1.79[09] 


37 


3.539[10] 


4. 13 [06] 


70 


1.545[12] 


2.04[09] 


38 


4.158[10] 


5.40[06] 


71 


1.676[12] 


2.33[09] 


39 


4.863[10] 


7.01 [06] 


72 


1.816[12] 


2.66[09] 


40 


5.664[10] 


9.04[06] 


73 


1.966[12] 


3.03[09] 


41 


6.572[10] 


1.16[07] 


74 


2.125[12] 


3.44[09] 


42 


7.595[10] 


1.47 [07] 


75 


2.294[12] 


3.90[09] 


43 


8.747[10] 


1.86[07] 


76 


2.474[12] 


4.41 [09] 


44 


1.004[11] 


2.33[07] 


77 


2.665[12] 


4.98[09] 


45 


1.148[11] 


2.91 [07] 


78 


2.867[12] 


5.61[09] 


46 


1.310[11] 


3.61 [07] 


79 


3.082[12] 


6.32[09] 


47 


1.489[11] 


4.46[07] 


80 


3.309[12] 


7.10[09] 


48 


1.688[11] 


5. 49 [07] 


81 


3.549[12] 


7.96[09] 


49 


1.908[11] 


6.71 [07] 


82 


3.803[12] 


8.92[09] 


50 


2.152[11] 


8.18[07] 


83 


4.071[12] 


9.98[09] 


51 


2.420[11] 


9.91 [07] 


84 


4.353[12] 


1.11[10] 


52 


2.715[11] 


1.20[08] 


85 


4.650[12] 


1.24[10] 


53 


3.039[11] 


1.44[08] 


86 


4.963[12] 


1.38[10] 


54 


3.394[11] 


1.73 [08] 


87 


5.292[12] 


1.54[10] 


55 


3.783[11] 


2.06[08] 


88 


5.638[12] 


1.71[10] 


56 


4.206[11] 


2.45 [08] 


89 


6.002[12] 


1.90[10] 


57 


4.668[11] 


2.90[08] 


90 


6.383[12] 


2.10[10] 


58 


5.171[11] 


3. 43 [08] 


91 


6.782[12] 


2.32[10] 


59 


5.716[11] 


4.04[08] 


92 


7.200[12] 


2.57[10] 


60 


6.308[11] 


4.75 [08] 









maximum (FWHM) values. The behavior of the reduced FWHM values as a function of Z confirms those of Ref. ifToll . For the 
state the energy distribution function has two symmetric maxima in first and second half of the unit segment. In the center 
point (equal energy sharing) the distribution function is zero for the decay channels with the photons with the same multipole 
numbers (e.g., for the 2E1 decay). This is a consequence of the Bose-Einstein statistics, which forbids to construct a permutation 
symmetric two-photon state with total angular momentum Jtc± = 1- Therefore, near the center point the distribution function is 
defined by the E11VI2 channel, as it was noticed first in Ref. ll43ll . The value of y, where the first maximum is reached, is given 
in Table [Vn] together with the corresponding values of the reduced FWHM. In contrast to the results reported in Ref. iflOll . we 
obtain a different energy distribution due to accounting for the higher multipoles contributions. 

IV. SUMMARY 

In summary, we have presented a systematic quantum electrodynamic description for the first-order interelectronic-interaction 
coiTections to the two-photon transition probabilities in He-like ions. A local screening potential has been included in the 
zeroth-order approximation in the framework of an extended Furry representation, and the corresponding expressions for the 
counterterms have been derived. Such a treatment of the electron-coiTelation effects allows us to control the gauge-invariance 
of each term in the perturbation expansion and to estimate an uncertainty due to the truncation of this expansion. The total two- 
photon decay rates and the spectral distribution functions have been evaluated for the transitions 2^5*0 — ^ 1^5oand2^5i — ^ 1^5o 
in the He-like ions with nuclear charges in the range 28 < Z < 92. The results of the calculations performed have been compared 
with previous calculations and with experimental data. The present calculations of the two-photon decays of the 2^So and 2^ Si 
states in He-like ions can be utilized for studying the parity non-conservation phenomena in He-like ions ll2lll45i l46ll as well as 
for investigations of the contributions of higher multipoles to the energy distribution. 
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TABLE VI: The spectral distribution dWB;A/dy for the two-photon transition 2^5o l^So in He-like ions, in units s ^. The reduced 

photon energy y — fcj^ / A'J]j is the fraction of the total transition energy transported by one of the two photons. The reduced full widths at 
half maximum (FWHM) are also given. Numbers in brackets denote powers of ten. 



y 


7 — 98 

Zj — zo 


7 — 

Zj — OU 


7 — 41 


Zj — 


OU 


7 — f\A 


7 — 7n 

Zj — ( U 


7 — SO 


7 — QO 
Zj — yu 


7 — Q9 




9 ASrOQI 


1 norini 


9 98ri m 

z.Zo L J^'-'J 


A 78 


iUJ 


9 A^n 1 1 
z.h-jli ij 


'X 7Qri 1 1 


7 1 on 1 1 


1 9Ari91 


1 'xl\\l^ 




J. lOLuyj 


9 ^ 1 r 1 ni 


A Q9r 1 m 


1 ^0 
1 . JZ 


1 1 1 


c 77r 1 1 1 

J. / / [1 iJ 


Q 1 7r 1 1 1 

y. 1 / L 1 J 


1 7Sr 1 91 

1 . /oLizj 


^ 1 1 r 1 91 
J. 1 1 L IZJ 




U.U / J 


7 ^^roQi 
/ . joLUVj 


a ^9r 1 ni 




9 9A 
Z.Z^ 


1 1 1 


Q oar 1 n 


1 A'XW 91 

1 .^jlizj 


9 CAT t 91 
Z.O'+LIZJ 


c n^r 1 91 
j.ujlizj 




n inn 


Q inrnoi 




Q Q7ri m 


9 8^ 


in 


1 i^ri9i 


1 8Sri91 
l.ooLlZJ 


Q enn 91 
j.oULizj 


A onn 91 
o.yuLizj 


/.ooLizj 




l.UDLiUJ 


A S9rim 

'4.0ZL1UJ 




j.jO 


11 1 


1 '^sri9i 

1. joLizj 


9 97ri 91 

Z.Z / [IZJ 


J. 91 

^.DOLIZJ 


<ori 91 
o.JoLlzj 




u. Ljyj 


i. ioL iUJ 




I 1 7ri n 


1 7Q 
J. /y 


1 1 1 


1 S7ri 91 

1 . J / [ i ZJ 


9 ri 91 

Z.D 1 L iZj 


^ A9ri 91 
j.H-ZLizj 


1 01 n ^1 

i .Ul [ 1 JJ 


1 i^ri^i 


U. i / J 


i.Zo[ iUJ 




1 9sr 1 1 1 


A 1 


1 1 1 


1 7ziri9i 
1. /4[ izj 


9 onr 1 91 
z.yuLizj 


^ nor 1 91 
o.uvLizj 


1 1 1 ^1 

1. 1 j[ 1 jj 


1 9Qr 1 "^1 
i.zvLijj 


n 9nn 


i. J)D[ iUJ 


^ 9*^r 1 ni 

D.ZOLiUJ 


1 ^7r 1 n 




1 1 1 


1 8Qri91 

i.oy[ izj 


a 1 91 




1 97r 1 ^1 

l.Z / [ 1 JJ 


1 zi9ri "^1 


n 99^^ 




D.DULIUJ 






1 1 1 


9 ni n 91 

Z.Ui [iZJ 


^ ^7ri 91 

J. J / [IZJ 


7 1 on 91 


1 '^7ri'^i 
1. J / jj 




U.ZjU 




f. conni 
0.07L1UJ 






in 


9 19ri91 

Z. IZ^iZJ 


o <7ri9i 

J. J / [IZJ 


7 ^idri 91 


1 47ri '^1 

1.^ / [UJ 


i.DOLl Jj 


0.275 


1.54[10] 


7.13[10] 


1.57[1 1] 


5.15 


1 11 


? ?i ri?i 


3.73[12] 






1.75[13] 


U.3UU 




T ^ /I r 1 m 


1 1 r 1 1 1 


5.31 


11] 


z.zyLlzJ 


a err 1 OT 
J.o /[iZj 


O.J /[izJ 




1 0/1 r 1 "21 


0.325 


1.62[10] 


7.51[10] 


1.65[11] 


5.45 


11] 


2.36[12] 


4.00[12] 


8.66[12] 


1.69[13] 


1.91[13] 


0.350 


1.65[10] 


7.66[10] 


1.68[11] 


5.57 


11] 


2.42[12] 


4.10[12] 


8.90[12] 


1.74[13] 


1.97[13] 


0.375 


1.67[10] 


7.77[10] 


1.71[11] 


5.66 


11] 


2.47 [12] 


4.18[12] 


9.11[12] 


1.79[13] 


2.02[13] 


0.400 


1.69[10] 


7.87[10] 


1.73[11] 


5.74 


11] 


2.50[12] 


4.25[12] 


9.27[12] 


1.82[13] 


2.07 [13] 


0.425 


1.71[10] 


7.94[10] 


1.75[11] 


5.79 


11] 


2.53[12] 


4.30[12] 


9.40[12] 


1.85[13] 


2.10[13] 


0.450 


1.72[10] 


7.99[10] 


1.76[11] 


5.83 


11] 


2.55[12] 


4.34[12] 


9.49[12] 


1.87[13] 


2.12[13] 


0.475 


1.72[10] 


8.02[10] 


1.77[11] 


5.86 


11] 


2.56[12] 


4.36[12] 


9.54[12] 


1.88[13] 


2.13[13] 


0.500 


1.73[10] 


8.03[10] 


1.77[11] 


5.87 


11] 


2.57[12] 


4.37[12] 


9.56[12] 


1.89[13] 


2.14[13] 


FWHM 


0.814 


0.809 


0.804 


0.793 


0.771 


0.761 


0.743 


0.722 


0.718 



TABLE VII: The spectral distribution (SWb;aI dy for the two-photon transition 2'^ Si l^So in He-like ions, in units s ^ . The reduced 
photon energy y = iP^^ I ^^ab fraction of the total transition energy transported by one of the two photons. The maximum point of the 
distribution j/max together with the reduced full widths at half maximum (PWHM) are also presented. Numbers in brackets denote powers of 
ten. 



V 


Z = 28 


Z = ?,6 


Z = 41 


Z = 50 


Z = 64 


Z = 70 


Z = 80 


Z = 90 


Z = 92 


0.010 


1.68[06] 


2.27[07] 


8.13[07] 


5.12[08] 


4.22[09] 


8.62[09] 


2.40[10] 


5.71[10] 


6.70[I0] 


0.015 


1.94[06] 


2.59[07] 


9.32[07] 


6.02[08] 


5.21 [09] 


1.09[10] 


3.13[10] 


7.63[10] 


8.99[10] 


0.020 


1.99[06] 


2.64[07] 


9.56[07] 


6.30[08] 


5.68[09] 


1.21[10] 


3.57[10] 


8.92[10] 


1.05[11] 


0.025 


1.95 [06] 


2.58[07] 


9.37[07] 


6.26[08] 


5.85[09] 


1.26[10] 


3.83[10] 


9.75[10] 


1.16[11] 


0.030 


1.87[06] 


2.46[07] 


8.98[07] 


6.08[08] 


5.83[09] 


1.28[10] 


3.95[10] 


1.03[11] 


1.22[11] 


0.035 


1.78[06] 


2.33[07] 


8.52[07] 


5. 83 [08] 


5.72[09] 


1.27[10] 


3.99[10] 


1.05[11] 


1.26[11] 


0.040 


1.68[06] 


2.19[07] 


8.04[07] 


5.55[08] 


5.55[09] 


1.24[10] 


3.97[10] 


1.06[11] 


1.27[11] 


0.045 


1.58[06] 


2.06[07] 


7.57[07] 


5.26[08] 


5.35[09] 


1.21[10] 


3.91[10] 


1.06[11] 


1.28[11] 


0.050 


1.48 [06] 


1.94[07] 


7.12[07] 


4.98[08] 


5.14[09] 


1.17[10] 


3.83[10] 


1.05[11] 


1.27[11] 


0.075 


1.10[06] 


1.43 [07] 


5.30[07] 


3.78[08] 


4.10[09] 


9.54[09] 


3.27[10] 


9.42[10] 


1.14[11] 


0.100 


8.40[05] 


1.09[07] 


4.05[07] 


2.93[08] 


3. 27 [09] 


7.72[09] 


2.72[10] 


8.08[10] 


9.87[10] 


0.125 


6.58[05] 


8.53[06] 


3.17[07] 


2.31 [08] 


2.63 [09] 


6.28[09] 


2.26[10] 


6.85[10] 


8.41 [10] 


0.150 


5.25[05] 


6.81 [06] 


2.54[07] 


1.86[08] 


2.14[09] 


5.15[09] 


1.88[10] 


5.80[10] 


7.15[10] 


0.175 


4.26[05] 


5.52[06] 


2.06[07] 


1.51 [08] 


1.77[09] 


4.27[09] 


1.58[10] 


4.93[10] 


6.08[10] 


0.200 


3.50[05] 


4.54[06] 


1.69[07] 


1.25[08] 


1.47[09] 


3.57[09] 


1.33[10] 


4.20[10] 


5.20[10] 


0.225 


2.91 [05] 


3.76[06] 


1.41 [07] 


1.04[08] 


1.23 [09] 


3.01[09] 


1.13[10] 


3.60[10] 


4.46[10] 


0.250 


2.43[05] 


3. 15 [06] 


1.18[07] 


8.75[07] 


1.04[09] 


2.55[09] 


9.63 [09] 


3.09[10] 


3.84[10] 


0.275 


2.06[05] 


2.66[06] 


9.97[06] 


7.42[07] 


8.88[08] 


2. 18 [09] 


8.28[09] 


2.68[10] 


3.33[10] 


0.300 


1.75[05] 


2.27[06] 


8.51[06] 


6.34[07] 


7.63[08] 


1.88[09] 


7.16[09] 


2.33[10] 


2.90[10] 


0.325 


1.51 [05] 


1.96[06] 


7.33[06] 


5. 47 [07] 


6.61 [08] 


1.63 [09] 


6.25[09] 


2.04[10] 


2.54[10] 


0.350 


1.31[05] 


1.70[06] 


6. 3 8 [06] 


4.77[07] 


5.79[08] 


1.43 [09] 


5.50[09] 


1.80[10] 


2.25[10] 


0.375 


1.15[05] 


1.50[06] 


5. 63 [06] 


4.22[07] 


5.14[08] 


1.27[09] 


4.90[09] 


1.61[10] 


2.01[10] 


0.400 


1.03[05] 


1.34[06] 


5.05[06] 


3.79[07] 


4.62[08] 


1.15[09] 


4.43 [09] 


1.46[10] 


1.83[10] 


0.425 


9.42[04] 


1.23 [06] 


4.61 [06] 


3.47[07] 


4.24[08] 


1.05 [09] 


4.08[09] 


1.35[10] 


1.69[10] 


0.450 


8.80[04] 


1.15[06] 


4.31 [06] 


3.24[07] 


3.97[08] 


9.87[08] 


3. 83 [09] 


1.27[10] 


1.59[10] 


0.475 


8.43[04] 


1.10[06] 


4.14[06] 


3.11[07] 


3.82[08] 


9.49[08] 


3.68[09] 


1.22[10] 


1.53[10] 


0.500 


8.31 [04] 


1.08[06] 


4.08[06] 


3.07[07] 


3.77[08] 


9.36[08] 


3.64[09] 


1.21[10] 


1.51[10] 




0.020 


0.019 


0.020 


0.019 


0.024 


0.030 


0.035 


0.041 


0.043 


l-WHM 


0.079 


0.077 


0.079 


0.087 


0.106 


0.1 16 


0. 1 34 


0.154 


0.158 
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